We have studied the in vivo tropism of human herpesvirus 6 (HHV-6) for hemopoietic cells in patients with latent HHV-6 infection. Having used a variety of cell purification, molecular, cytogenetic, and immunocytochemical procedures, we report the first evidence that HHV-6 latently infects early bone marrow progenitor cells and that HHV-6 may be transmitted longitudinally to cells which differentiate along the committed pathways.
We began our study to explore which peripheral blood or bone marrow cell types human herpesvirus 6 (HHV-6) infects, preferentially, in vivo.
We previously described six patients (two diagnosed with Hodgkin's disease, three with non-Hodgkin's lymphoma, and one with multiple sclerosis) who showed latent HHV-6 infection in blood cells and viral copy numbers so high that virus was detectable by Southern blot analysis (20) . Although their conditions constitute a rare phenomenon, these patients provide a unique opportunity for the identification of the hematopoietic cell types latently infected by HHV-6 in vivo and for determining possible targets of initial latent infection. Our earlier molecular studies have shown that the HHV-6 variant B genome is integrated into the genome of the circulating peripheral blood mononuclear cells (PBMCs) of three of these patients (patients 1 through 3: one each with Hodgkin's disease, nonHodgkin's lymphoma, and multiple sclerosis). Integration is apparently nonrandom, in that fluorescent in situ hybridization (FISH) studies showed a predominance of signals on the short arm of chromosome 17, specifically in band 17p13.3, in phytohemagglutinin-stimulated PBMCs of all three patients examined (20) .
The first unexpected observation of the present study, given that HHV-6 is mainly a lymphotropic virus in vitro (1, 4, 9, 10) , was the detection of HHV-6 DNA sequences in circulating granulocytes, which were separated on a Ficoll-Hypaque (Seromed, Berlin, Germany) gradient and further purified by sedimentation for 30 min at 37°C in Haemagel (Stholl Farmaceuticals, Modena, Italy), obtaining a purity of 95%. Granulocytes from these three subjects were positive for the presence of the HHV-6 genome by Southern blot analysis, after hybridization with the ZVH14 (6) (Fig. 1) , ZVB70 (7), and HD12 (11) probe sequences (not shown), representative of both the left and the right ends of the viral genome. Furthermore, restriction fragment length polymorphism patterns were identical for both granulocytic and PBMC DNA with different enzymes (Fig. 1) . HindIII restriction fragment sizes detected after hybridization with the ZVH14 probe were consistent with infection by HHV-6 variant B in all three patients (1 through 3) and of HHV-6 variant A in the infected HSB-2 cell line ( Fig. 1) . PCR with HHV-6 primers specific for the ZVH14 region (19) was also used to establish the relative distribution of viral sequences in cell fractions sorted from the total PBMC population of patients 1 through 3 (21) . Blood samples (20 ml) were separated with a Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) density gradient into PBMC and polymorphonuclear cell (PMNC) fractions. PBMCs were stained with anti-CD4 and anti-CD8 Southern blot analysis of DNA extracted from PBMCs and granulocytes of patient 1, digested with the specified restriction enzymes, and hybridized with the ZVH14 probe. DNA extracted from the HHV-6-infected HSB-2 cell line, infected with the original strain of HHV-6, was used as a positive control. The estimated lengths of the bands obtained are reported in kilobases. The same restriction pattern was obtained for patients 2 and 3 (not shown). No hybridization signal was detected either in the uninfected HSB-2 cell line or in the PBMC and granulocyte samples derived from two HHV-6-negative blood donors (not shown Table 1 . For all three patients, this number in the granulocyte fraction was the same as the number in the monocyte fraction and was invariably lower than the numbers in the B-and T-lymphocyte fractions. This clearly shows that the HHV-6 DNA detected in purified CD16-posi- . Saccharomyces cerevisiae chromosomal DNA serves as the marker. The estimated lengths of the bands obtained are reported in kilobases. The ZVH14 probe sequence was used. Unrestricted HSB-2 DNA showed only one band, of approximately 170 kb, after hybridization of the ZVH14 sequence, a result consistent with free-migrating viral genomes. In contrast, granulocyte and mononuclear cell DNA from patient 1 showed no free-migrating bands and hybridized only in the starting well with the ZVH14 probe, suggesting that free viral molecules were either absent from these cells or present in numbers too small to be detected by this method. When digested with the rare-cutting enzyme NotI, infected HSB-2 DNA showed fragments shorter than the full-length 170-kb viral genome. After digestion with the rare-cutting restriction enzyme NotI, granulocyte and mononuclear cell DNA of patient 1 showed ZVH14-positive fragment sizes longer than the length of the free viral genome. The same long-range restriction pattern was obtained in patients 2 and 3 (not shown). No hybridization signal was detected either in the uninfected HSB-2 cell line or in the PBMC samples derived from two HHV-6-negative blood donors (not shown). (b) Analysis by PFGE of DNA of peripheral granulocytes of patient 1 digested with the MluI rare-cutting restriction enzyme as well as of DNA of the infected HSB-2 cell line, before and after digestion with the same enzyme. The estimated lengths of the bands obtained are reported in kilobases. The ZVH14 probe sequence was used. Unrestricted HSB-2 DNA showed only one band, of approximately 170 kb, after hybridization of the ZVH14 sequence, a result consistent with free-migrating viral genomes. When digested with the rare-cutting enzyme MluI, infected HSB-2 DNA showed fragments shorter than the full-length 170-kb viral genome. After digestion with the rare-cutting restriction enzyme MluI, granulocyte DNA of patient 1 showed a ZVH14-positive fragment longer than the 170-kb viral genome. The same long-range restriction pattern was obtained in patients 2 and 3 (not shown). tive granulocytes was present in this cell population and was not contributed by contaminating lymphocytes or monocytes. Long-range restriction map features of the HHV-6 integration sites in high-copy-number latently infected granulocyte DNAs from patients 1 through 3, and also in DNA of the HHV-6-infected cell line HSB-2, were examined by pulsed-field gel electrophoresis (PFGE), as previously reported (8) . Granulocyte DNAs from patients 1 through 3, which were digested with the rare-cutting restriction enzymes NotI and MluI, showed ZVH14-positive fragment sizes longer than the length of the free viral genome (Fig. 2) , consistent with integration and linkage of viral sequences with higher-molecular-weight cellular DNA (8, 20) . The numbers and sizes of the long-range restriction fragments we have detected in granulocyte DNAs of these three subjects are similar to those described previously in PBMCs from the same subjects (Fig. 2a) . In cytospins and/or smears of peripheral blood, weakly positive nuclear and cytoplasmic staining was detected only in rare granulocytes (less than 0.5%) with monoclonal antibody against the structural protein p101 of variant B (3, 23) (Fig. 3) . The authenticity and specificity of the immunocytochemical results with this antibody have been previously reported (3). The detection of HHV-6 infection of granulocytes in vivo is of note. Of the herpesviruses, only human cytomegalovirus (HCMV), which shows high genetic homology to HHV-6, has been shown to infect granulocytes and to express immediate early and late mRNA in vivo (22) . Epstein-Barr virus can infect granulocytes and disturb their functions in vitro (2), but Epstein-Barr virus infection and gene expression in human granulocytes in vivo have yet to be demonstrated.
Granulocytes circulate in the blood for only a few hours, which is a much shorter period than the estimated few days required for progression from virus infection to expression of the late proteins, such as p101 (23) . We therefore speculated that bone marrow myeloid progenitor cells might be infected with HHV-6 earlier in their development. To verify this hypothesis, individually plucked CFU granulocyte-macrophage (CFU-GM) and burst-forming unit erythroid (BFU-E) colonies were isolated from the bone marrow of the subjects (17) and examined for the presence of viral sequences by PCR (19) . For all three patients, most of the CFU-GM and BFU-E colonies were positive for HHV-6 ( Fig. 4; Table 2 ), while no HHV-6 DNA was detected in a comparable number of single colonies derived from the PCR-negative bone marrow specimens of 10 control subjects. We did not detect HHV-6 DNA in methylcellulose that contained no colonies, ruling out the possibility that diffusion of HHV-6, or the presence of rare HHV-6-infected mature cells interspersed among the colonies, could be responsible for the positivity in the CFU-GM and BFU-E colonies. The numbers of CFU evaluated after standard CFU outgrowth assays of the 3 patients are within the ranges obtained for the 10 control bone marrow patients with the same assay, showing that the growth rate of marrow progenitors was not influenced by the latent HHV-6 infection. In addition, bone marrow cells of patient 2, restored from liquid nitrogen, were cultured in the presence of GM colony-stimulating factor, interleukin-3, and stem cell factor for 6 days and analyzed by FISH, with the ZVB70 sequence as a probe (7). FISH, including immunofluorescence procedures, was essentially as described previously (14) . Standard cytologic and cytochemical examinations showed 90% of immature myeloid progenitors with proliferative capacity, at various stages of differentiation, and only 2 to 3% of lymphocytes and 7 to 8% of monocytes/ macrophages (Fig. 5a) . A specific hybridization signal was detected on one or both chromatids of the terminal short arm of one chromosome 17, specifically in band 17p13.3, in 18 of 23 (78%) metaphase cells analyzed (Fig. 5b and c) . Our previous FISH studies have shown that PBMCs which are HHV-6 negative by PCR show no detectable signals after hybridization with the pZVB70 probe (20) . In bone marrow smears from patients 1 through 3, undifferentiated myeloid precursor cells and cells of the erythroid lineage showed no reactivity with anti-p101 (not shown).
In vitro studies have recently shown that HHV-6 can infect two hematopoietic progenitor cell lines, TF-1 (erythromyeloid) and KG-1 (lymphomyeloid), and, less efficiently, human CD34 ϩ hematopoietic progenitors isolated from the bone marrow of healthy donors (5) . We have demonstrated, for the first time, that bone marrow GM and erythroid progenitors may be infected with HHV-6 in vivo. Notably, FISH analyses also showed integration of the viral genome into chromosome 17, band 17p13.3, in a significant proportion of immature myeloid bone marrow progenitor metaphase cells of patient 2. This chromosomal integration site is identical to that previously detected in phytohemagglutinin-stimulated peripheral blood T cells of this and the two remaining patients with high-viral- copy-number latency (20) . PFGE analyses of PBMC and granulocyte fractions were consistent with the FISH results in that similar HHV-6-specific restriction fragment patterns were detected in the different cell populations, indicative of HHV-6 integration at a similar genomic location in those cells. On the basis of these findings and collective assessment of PCR studies of sorted hematopoietic cell types, we consider it likely that HHV-6 has infected and integrated its genome into a very early self-renewing bone marrow precursor in the patients with high-copy-number latency. The integrated viral genome on chromosome 17p may then be longitudinally transmitted to cells which differentiate along the committed myeloid and lymphoid pathways without late gene expression (p101 antigen), which would allow it to escape cell-mediated immune response. As the virus can infect early clonogenic progenitors without eliminating their abilities to proliferate and differentiate, HHV-6 can create a pool of infected bone marrow progenitors that can serve as a reservoir of latent virus. However, upon differentiation of these cells to mature granulocytes, at least the expression of one late antigen is switched on in a small percentage of cells. It is conceivable that, in vivo, when the pressure exerted by the immune system declines (i.e., after immunosuppressive therapy), virus released from latently infected granulocytes may be a source of HHV-6 dissemination and possibly of clinical disease. Of note, the pattern of HHV-6 antigen expression is similar to that of HCMV, which replicates and expresses specific mRNA upon differentiation of monocytes to macrophages or in granulocytes (18, 22) . It should be noted that HCMV, which causes myelosuppression in immunodeficient patients, is the only other human herpesvirus capable of infecting myeloid progenitors in vitro (24) . Moreover, the presence of HCMV DNA has been recently documented either in CFU-GM colonies or in purified CD34 ϩ cells from peripheral blood and bone marrow in vivo (13, 15, 21) .
In order to provide further evidence of HHV-6 tropism for bone marrow progenitors, CD34-positive cells were separated by magnetic cell sorting (12) , with a purity of 85 to 98%, from leukapheresis products of 10 HHV-6-seropositive autologous peripheral blood progenitor cell (PBPC) transplant patients (patients 4 through 13). DNA was extracted from the CD34-positive and -negative cell fractions and analyzed for the presence of HHV-6 viral DNA by PCR for the ZVH14 region (19) . Results are summarized in Table 3 . In four patients (patients 6, 7, 12, and 13), HHV-6 DNA was detected in the purified CD34-positive cells. Tenfold dilutions of 10 5 cells (10  5 , 10  4 ,  10 3 , 10 2 , and 10 cells) from the CD34-positive and the CD34-negative cell fractions of these four patients were PCR assayed. The lowest numbers of cells in which HHV-6 DNA was detected by PCR are shown in Table 3 . This number in the CD34-positive cell fraction was the same as (for patients 7 and 12) or invariably lower than (for patients 6 and 13) the number in the CD34-negative cell fraction. These titration experiments clearly show that the HHV-6 DNA detected in purified CD34-positive cells was present in this cell population and was not contributed by the contaminating mature leukocytes of the CD34-negative cell fraction. Of note, plasma viremia was not detected in serial serum-plasma samples collected from the 10 patients at the time of leukapheresis and up to 5 months later. Leukapheresis products obtained from two HHV-6-seronegative autologous PBPC transplant patients (patients 14 and 15 [ Table 3 ]) were negative for the presence of HHV-6 DNA. Leukapheresis products were obtained also from four healthy, HHV-6-seropositive allogeneic PBPC donors, and purified CD34-positive and CD34-negative cell fractions (purity, Ͼ90%) were analyzed for the presence of HHV-6 DNA by PCR. For two healthy donors (patients 18 and 19 [ Table 3 ]), HHV-6 DNA was detected in both fractions. Tenfold dilutions of 10 5 cells (10 5 , 10 4 , 10 3 , 10 2 , and 10 cells) from the CD34-positive and the CD34-negative cell fractions were PCR assayed. The lowest number of cells in which HHV-6 DNA was detected in the CD34-positive cell fraction was invariably lower than the number in the CD34-negative cell fraction (Table 3 ). This finding clearly shows that HHV-6 DNA detected in purified CD34-positive cells was present in this cell population and was not contributed by contaminating mature leukocytes of the CD34-negative cell fraction, even in healthy individuals. In order to verify HHV-6 infection of CD34-positive cells by an alternative approach, individually plucked CFU-GM and BFU-E colonies were isolated from the highly purified CD34-positive cells from two transplant patients (patients 6 and 7) and from one healthy donor (patient 19). Given the low rate of infection in these patients, colonies were pooled and, for each patient, 10 colony samples, each consisting of an average of 20 to 30 pooled colonies, were examined by PCR. For all patients, HHV-6 DNA was detected in four to six samples of pooled colonies. Altogether, these results suggest that HHV-6 infection of mobilized hematopoietic progenitors may occur in vivo, in the absence of concomitant viremia, and also in the more prevalent cases of latent infection characterized by a low copy number of viral DNA, detectable only by PCR, not only in immunosuppressed transplant patients but also in healthy subjects. This finding is significant because HHV-6 may cause myelosuppression and other clinical manifestations in patients who have received transplants (16) and, although the source of the virus is unknown, it has been proposed that most infections are caused by reactivation of a virus already latent in the recipient (16). , and 10 cells) were tested for HHV-6 DNA by PCR, and the minimal numbers of positive cells are given. Neg, negative; Pos, positive.
